In this study, nitric oxide (NO) production in a macrophage-lymphocyte co-culture system was used to assess the cytokine producing capability of cells during endotoxin tolerance in mice. Incubation of peritoneal macrophages with interferon-γ (IFN-γ) in the presence of lipopolysaccharide (LPS) augmented NO synthesis. Exogenous tumor necrosis factor-α (TNF-α) could also replace LPS for the stimulation of NO production. Macrophages co-cultured with splenic lymphocytes showed augmented NO synthesis by LPS alone. However, pretreatment of mice with 2.5 mg/kg LPS completely prevented the lethality and the increase of blood TNF-α and IFN-γ after the second challenge with a lethal dose of LPS. In addition, when macrophages prepared from LPS-tolerant mice were co-cultured with normal splenocytes, LPS also could not induce the production of NO, even in the presence of exogenous TNF-α. Moreover, when normal macrophages were co-cultured with splenocytes obtained from LPS-tolerant mice, stimulation with LPS could not evoke the NO production enhancement. However, this down-regulation was able to reverse by exogenous IFN-γ or concanavalin A (ConA), a stimulator of IFN-γ production. Our results indicate that not only macrophages but also lymphocytes contribute to LPS tolerance. As INF-γ can enhance the expression of TNF-α, the decrease of INF-γ synthesis from lymphocytes may orchestrate with the decrease of TNF-α synthesis from LPS-tolerant macrophages for the production of tolerant state and the prevention of excessive inflammation. Therefore, LPS tolerance may be exploited for prophylaxis of severe sepsis in patients at risk.
Introduction
It is well known that the fatal complications of gram-negative sepsis are the result of an over-stimulation of the host's immune response, which is triggered by lipopolysaccharide (LPS) in the outer membrane of gram-negative bacteria [2] .
LPS activates primary inflammatory cells such as monocytes or macrophages to produce a variety of cytokines, leading to a systemic inflammatory response [6] . These phenomena lead to the delicate unbalance of cytokine network and may become induces clinical illness. In humans, this systemic release of cytokines is associated with multiple organ failure and death from septic shock [2] . Among the cytokines, tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 have been implicated as important factors in the pathophysiology of septic shock [21] .
The hyperinflammatory phase of sepsis is generally exhausted after a few days. The late stage of sepsis is characterized by anergy of the immunocompetent cells [4] .
Monocytes from this late-stage sepsis produced diminished amounts of TNF-α, IL-1, IL-6, and IL-10, but not IL-1 receptor antagonist (IL-RA) when stimulated ex vivo with LPS [23] . This cytokine release pattern was comparable with the one seen in experimentally LPS-desensitized monocytes in vitro [22] . This phenomenon is called endotoxin tolerance or immunoparalysis [10] . Although this endotoxin tolerance may contribute to the enhanced susceptibility to infections and late mortality of patients who survive the initial acute phase of sepsis syndrome [20] , it is thought to be an adaptive mechanism designed to protect the host form further inflammatory injury. The molecular mechanisms leading to endotoxin tolerance have been well studied but not completely delineated. The hyporesponsiveness to the second challenge of LPS is associated with reduced production of TNF-α [25] . Macrophages exposed to LPS are unable to synthesize TNF-α mRNA when they are subsequently challenged with LPS, suggesting that the transcription process is down-regulated [33] . Some investigators have demonstrated that the suppressed-release of interferon-γ (IFN-γ) observed in this condition [8, 17] . In addition, Varma and his colleagues [29] reported that the suppression of IFN-γ production in LPS-tolerant mice is largely due to macrophage dysfunction. Furthermore, IFN-γ has been shown to enhance the expression of TNF-α and cellular receptors for TNF-α in macrophages [13, 28] . These results suggest that the balance of cytokines including TNF-α and IFN-γ are more important in the induction and further response in endotoxin tolerance. However, there are little reports about the lymphocytes, major IFN-γ producing cells in the body, during the LPS tolerant state in vivo.
In sepsis, hypotension and organ injury arises as the results of decreased vascular resistance evoked by elevated nitric oxide (NO) derived from an nitric oxide synthase (NOS) and the vasodilatory shock resulted in the decreased tissue perfusion and ischemia [30, 31] . Recent reports show that development of tolerance to LPS in rats is associated with a totally reduced ability of LPS to induce NOS within 48 h after first LPS treatment, suggesting the involvement of NO in development of tolerance to endotoxin [26] , Furthermore, LPS act to release TNF-α and IFN-γ, these cytokines cause potent endogenous inducers of NO with iNOS expression from macrophages [16, 19] . It may indicate the existence of specific feedback regulatory loop between cytokines and NO. Therefore, the interplay between LPS and cytokines including IFN-γ and TNF-α to enhance the NO production can be a good model system to assess the IFN-γ producing capability of cells. In this study, we prepared macrophages or splenic lymphocytes from LPS-tolerant mice, and measured NO production in a macrophage-lymphocyte co-culture system stimulated with LPS to assess the cytokine producing capability of cells during the endotoxin tolerance in mice. 
Materials and Methods

Animal treatment
Male ICR mice (6 weeks old, 20-25 g) were used in this study. For the induction of tolerance, ICR mice were injected with 2.5 mg/kg E. coli serotype 0127:B8 LPS (Sigma) intraperitoneally 24 hr prior to the challenge with 25 mg/kg of same LPS intravenously. Control animals were administrated to saline.
Effect on lethality and serum TNF-α and IFN-γ levels The lethality of mice was monitored at 48 hr after final LPS challenge in each treated group. Blood samples were obtained from mice by heart puncture at 1.5 or 6 hr after the last LPS administration for the measurement of TNF-α and IFN-γ levels in plasma. The serum TNF-α and IFN-γ levels were assayed using Quantkine 
Preparation of peritoneal exudate macrophages
Mouse macrophages were obtained from ICR mice injected with 2 ml of sterile 3% thioglycolate (Difco) [18] . Four days after injection, peritoneal exudate cells were harvested by peritoneal lavage with 6 ml of ice-cold phosphate buffered saline (PBS) per mouse. These cells were washed twice and then suspended at 5×10 6 cells/ml in RPMI 1640 medium supplemented with 10% FBS, 100 IU/ml penicillin G, and 5 μg/ml streptomycin (working medium). After 2 hr incubation in 75 cm 2 culture flasks at 37 o C in a humidified 95% air/5% CO2 atmosphere, nonadherent cells were removed by repeated washing with ice-cold PBS. Adherent cells (peritoneal exudate macrophage) were harvested using a cell scraper and resuspended at 1×10 6 cells/ml in working medium for further experiments.
Preparation of spleen lymphocytes
After cervical dislocation of ICR mice, spleens were excised aseptically, and placed in a Petri dish containing HBSS. Using two glass slides, a suspension of spleen cells was prepared and washed twice with ice-cold HBSS. After lysis of erythrocytes with 17 mM tris-HCl, pH 7.2, containing 0.144 M ammonium chloride for 5 min, cells were overlaid on HBSS containing 5% albumin, and pelleted by centrifugation at 200× g for 10 min [18] . Cells were resuspended at 5×10 6 cells/ml in working medium for further experiments.
Cell culture
Macrophages (4×10 5 cells) were cultured with working medium (total volume of 400 μl) in 24-well culture plate with or without various reagents including LPS from Escherichia coli serotype 0127:B8 (50 ng/ml, Sigma), recombinant mouse IFN-γ (5 U/ml, Sigma), TNF-α (500 U/ml, Sigma), and ConA (2 μg/ml, Sigma). In other experiments, splenocytes (2×10 6 cells) were co-cultured with macrophages. For the induction of tolerance, mice were injected with 2.5 mg/kg LPS intraperitoneally 24 hr prior to the cell preparation.
Nitrite measurement
To measure the concentration of NO produced in mice, the stable conversion product of NO, nitrite (NO2 -), was measured [7, 11] . Following 48 hr incubation in 24-well plates at 37 o C in a humidified 95% air/5% CO2 atmosphere, nitrite concentration was measured in the cell-free culture supernatant. Briefly, 50 μl aliquots of the culture supernatants, dispensed into 96-well microtiter plates (flat bottom), were incubated with 100 μl of a 1:1 mixture of 1% sulfanilamide (Sigma) in 30% acetic acid and 0.1% N-(1-naphthyl) ethylenediamine dihydrochloride (Sigma) in 60% acetic acid at room temperature. After 5 min, absorbance was measured at 540 nm using a microtiter plate reader (MR 700, Dynatech Laboratories Inc.). Concentrations were determined from a linear standard curve obtained from serial concentrations of sodium nitrite (Sigma) in working medium. Results of triplicate measurements were presented as mean±SD.
Immunoblot analysis for iNOS Cells were homogenized in 100 μl of ice-cold lysis buffer (20 mM HEPES, pH 7.2, 1% Triton X-100, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 μg/ml leupeptin, 10 μg/ml aprotinin). The homogenates was centrifuged at 15,000 g at 4 o C for 10 min and and the total protein content was determined. Equal amounts (30 mg) of protein extracts in a lysis buffer were subjected to 10% SDS-polyacrylamide gel analysis and transferred to nitrocellulose sheets 
Statistical analysis
All data are expressed as means±SD and the differences were analyzed by One-way analysis of variance (ANOVA).
Values of P<0.05 were considered to be significant. ng/ml of serum TNF-α was observed at 1.5 hr after the last LPS administration in LPS-tolerant mice, while 17.0±2.5 ng/ml was detected in control mice (Table 1 ). In addition, after LPS challenge, serum TNF-α and serum IFN-γ level at 6 hr was also markedly decreased in LPS-tolerant mice (data not shown). These finding demonstrated that the repeated exposure of LPS results in induction of endotixin tolerance, which is attenuated the release of TNF-α and IFN-γ.
Results
Effect
Release of nitrite by mouse peritoneal macrophages and lymphocytes
To investigate the effects of cytokines on NO production in mouse peritoneal macrophages, nitrite concentrations, as an indicator for NO formation, were measured in vitro culture medium system. Because of the short half-life of NO in biological fluids, the measurement of nitrite, as the stable metabolites of NO, is widely used for NO determination in fluids [7, 11] . As shown in Fig. 1 , combination of LPS and IFN-γ significantly increased NO production of macrophages. This increase can be mimicked by a combination of TNF-α and IFN-γ, even in the absence of LPS. However, LPS, TNF-α or IFN-γ alone were not able to increase nitric oxide production.
In addition, to replace IFN-γ in our NO induction system, peritoneal macrophages were co-cultured with 2×10 were cultured in 24-well culture plate with LPS (50 ng/ml), TNF-α (500 U/ml), and/or IFN-γ (5 U/ml). Following 48 hr incubation, nitrite concentration was measured in the cell-free culture supernatants as a reflection of NO synthesis. Results of triplicate samples were expressed as mean±SD. **p<0.01 vs none. co-culture system. In the absence of LPS, this increase of NO production can be mimicked by a combination of TNF-α and IFN-γ (Fig. 2) . These results suggest that stimulation of lymphocytes by LPS evokes the enhanced release of IFN-γ.
Release of nitrite by LPS-desensitized macrophages and lymphocytes
To evaluate the condition of macrophages and lymphocytes on NO production during LPS-tolerant states, macrophages and splenocytes were obtained from LPS-tolerant mice induced by 2.5 mg/kg LPS for 24 hr. LPS-tolerance mice induced-macrophages and -splenocytes were co-cultured with normal-macrophages and -splenocytes and nitrite concentrations were measured in culture medium. When LPS-tolerance mice induced-macrophages were stimulated by LPS, LPS alone could not increase the NO production.
Furthermore, addition of exogenous TNF-α and/or IFN-γ also could not evoke the increased NO production by LPS-tolerant macrophages (Fig. 3) . It was suggested that the TNF-α producing capability of macrophages was down-regulated by LPS pretreatment.
As shown in Fig. 4 , when normal macrophages were co-cultured with splenocytes derived from LPS-pretreated It was demonstrated that the INF-γ producing capability of splenocytes was also down-regulated by prior treatment with LPS. This down-regulation could be compensated by exogenous IFN-γ. Furthermore, ConA, a stimulant of IFN-γ production from lymphocytes, also counteracted the down-regulation of IFN-γ production by prior LPS administration (Fig. 4) . To identify whether the relieving effect of ConA was exerted only on splenocytes, the effect of ConA was de- 
Discussion
Endotoxin tolerance constitutes a transient state of low-responsiveness to various bioactivities of endotoxins. This phenomenon can be induced by a single or repeated injection of low amounts of endotoxin in humans and experimental animals [10] . The molecular mechanism for endotoxin tolerance was turned out that macrophages are of primary importance for the development of tolerance [6] . Furthermore, it has been shown that macrophages can be rendered refractory towards several endotoxin activities including TNF-α synthesis by pretreatment with small amount of endotoxins [23] .
In our study, pretreatment of mice with 2.5 mg/kg LPS completely prevented lethality after the second challenge with lethal dose of LPS, indicating that LPS tolerance has been induced. Serum TNF-α level was markedly decreased in LPS-tolerant mice, in agreement with earlier report that repression of TNF-α synthesis plays an important role in LPS-tolerance [33] . Furthermore, in LPS-tolerant mice, circulating IFN-γ level was also significantly decreased. IFN-γ is a pleiotropic cytokine that regulates natural, cell-mediated, and humoral immunity by eliciting a number of biological responses in many different cell types [5] . Several studies indicate that IFN-γ can modulate the endotoxin tolerance [3, 22] , suggesting the importance of delicate balance between cytokines. Incubation of peritoneal macrophages with IFN-γ for 48 hr in the presence of LPS augmented NO synthesis by inducible NOS. As LPS can stimulate the synthesis of TNF-α from macrophages [27] , exogenous TNF-α could replace LPS for the stimulation of NO production. IFN-γ, TNF-α or LPS alone were not capable of increasing NO synthesis in peritoneal macrophages. IFN-γ bioactivity can be easily assayed with above NO production system [12] .
LPS also stimulates the production of IFN-γ [14] . In this study, we prepared macrophages or splenocytes from LPS-tolerant mice, and measured NO production in macrophage-splenocyte co-culture system stimulated with LPS to assess the cytokine producing capability of cells. IFN-γ is thought to be produced primarily by T lymphocytes and natural killer (NK) cells in response to various stimuli [5] .
T-lymphocytes and NK cells constitute 50~60 and ~10% of splenocytes, respectively [1] . Co-culture of macrophages and splenocytes obtained from control mice elicited the augmented NO synthesis by the treatment with LPS alone.
When macrophages prepared from LPS-tolerant mice were co-cultured with normal splenocytes, LPS could not induce the production of NO. These results are in agreement with those of other reports that tolerant macrophages were unable to produce TNF-α by LPS stimulation [23, 33] . However, prior exposure of macrophages with endotoxin also prevents the induction of NOS by second challenge of LPS in the presence of exogenous TNF-α, indicating that both TNF-α synthesis and action are blocked by a prior LPS challenge.
When normal macrophages were co-cultured with splenocytes obtained from LPS-tolerant mice exposed to LPS 24 hr before, stimulation with LPS could not evoke the NO production enhancement. However, this down regulation was able to reverse by exogenous IFN-γ or ConA, a stimulator of IFN-γ production. It is possible that, after the initial activation by endotoxin, a period exists in which the signaling pathway leading to the production of INF-γ in splenic lymphocytes might be refractory to further stimulation by endotoxin, just like the TNF-α synthesis of macrophages. The LPS challenge also causes changes in the composition and the number of splenocytes [15] . Cytokine-induced apoptosis of human NK cells has been described as a novel mechanism to down-regulate the production of INF-γ [24] . Actually, decrease in the number of INF-γ producing cells might cause the failure in NO production enhancement.
In animals, LPS tolerance is a highly effective mechanism of protection against the lethal syndrome of severe sepsis.
LPS tolerance does not lead to down-regulation of all kinds of responses. Some genes including TNF receptor type II, granulocyte-macrophage colony-stimulating factor (GMCSF) and IL-1β are even increased in expression upon secondary stimulation [9, 13] . Tolerance to LPS is not a passive process that occurs in an exhausted cell; rather, a well-controlled, active process that is orchestrated in order to prevent excessive inflammation.
Our results indicate that LPS tolerance is a phenomenon attributable to not only macrophages but also to INF-γ producing lymphoid cells. INF-γ has been shown to enhance the expression of TNF-α [13] , and amplify LPS-induced shock in animal experiments [3] . The decrease of INF-γ syn-thesis from LPS-tolerant animal may orchestrate with the decrease of TNF-α for the production of tolerant state. LPS tolerance may be exploited for prophylaxis of severe sepsis in patients at risk [32] .
